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CHAPTER  1 .  INTRODUCTION 


This  thesis  reports  the  results  of  an  experimental 
investigation  into  the  effects  of  temperature  on  the  ve¬ 
locity  of  ultrasonic  longitudinal  acoustic  waves  through 
various  plastics.  This  investigation  was  undertaken  at 
the  suggestion  of  Dr.  Arthur  H.  Guenther,  of  the  Air  Force 
Weapons  Laboratory,  Kirtland  Air  Force  Base,  New  Mexico,  and 
the  experimental  work  was  accomplished  in  the  Physics  Branch 
of  that  laboratory.  There  were  two  principle  reasons  for  the 
Weapons  Laboratory's  interest  in  ultrasonic  wave  velocities. 

First,  and  more  important,  another  research  project 
currently  in  progress  at  the  laboratory  required  data  on 
acoustic  wave  velocities  through  heated  plastic  materials. 

These  materials  included  special-purpose  plastics  used  in  the 
nose  cones  of  ballistic  re-entry  vehicles  for  which  there  was  no 
published  data.  In  the  absence  of  information  concerning  the 
effects  of  temperature  changes  on  acoustic  wave  velocities,  it 
was  necessary  to  assume  the  velocities  to  be  independent  of 
temperature,  even  though  it  was  known  that  this  assumption  was 
incorrect . 
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Secondly,  it  was  desired  to  have  available  for  future 
use  in  the  laboratory  an  established  method  of  measuring 
ultrasonic  velocities.  Such  measurements  could  be  utilized 
to  aid  in  distinguishing  between  similar  materials  and  to 
determine  acoustic  impedances.  Additionally,  such  measurements 
would  provide  the  laboratory  with  a  means  of  checking  the 
uniformity  of  materials  supplied  by  contractors. 

Thus,  the  study  covered  by  this  thesis  was  undertaken 
for  very  specific  reasons:  to  determine  needed  data  that 
was  not  available  elsewhere  and  to  establish  a  facility  for 
measuring  ultrasonic  velocities. 

Before  proceeding  further,  a  word  on  definitions  is  in 
order.  The  term  "ultrasonic"  is  now  commonly  used  to  describe 
vibrational  waves  having  frequencies  higher  than  those  normally 
audible  to  the  ear,  i.e.,  any  acoustic  wave  of  a  frequency 
higher  than  approximately  20  kc  is  said  to  be  ultrasonic.  In 
some  older  works  the  word  "supersonic"  was  used  to  mean  the 
same  thing,  but  such  usage  is  no  longer  sanctioned  by  convention. 
Similarly,  "ultrasonics"  is  defined  as  "the  technology  of  sound 
at  frequencies  above  the  audio  range,"  and  "supersonics "  is 
now  defined  to  be  "the  general  subject  covering  phenomena 
associated  with  speed  higher  than  the  speed  of  sound  (as  in 
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the  case  of  aircraft  and  projectiles  . ,.)."(1)1  This 
study  is  concerned  only  with  "ultrasonics."  The  remainder 
of  the  thesis  is  divided  into  four  major  chapters. 

Chapter  2  presents  the  results  of  a  survey  of  the 
literature  undertaken  to  study  previously  used  methods  of 
measuring  ultrasonic  velocities  and  to  provide  the  necessary 
background  knowledge. 

In  Chapter  3,  the  experimental  methods  used  in  this 
study  are  described.  The  chapter  includes  a  discussion  of 
the  factors  that  influenced  the  choice  of  methods. 

Included  in  Chapter  4  are  the  velocity -temperature  data 
for  five  common  plastics  and  a  discussion  of  experimental 
errors . 

A  brief  summary  of  the  results  of  the  investigation  is 
given  in  Chapter  5. 

Additional  details  on  selected  topics  are  included  in 
Appendixes  A  through  E.  Appendix  F  contains  velocity  data 
pertaining  to  several  nose  cone  materials.  This  information 
was  released  for  publication  in  an  unclassified  report  after 
completion  of  the  text  of  the  thesis. 

^Footnotes  in  this  report  are  indicated  by  superscript 
Arabic  numerals.  References  are  cited  by  an  Arabic  numeral 
in  parentheses,  the  number  agreeing  with  the  number  of  the 
specific  entry  in  the  List  of  References  following  the 
appendixes. 


CHAPTER  2.  LITERATURE  REVIEW 


The  reader  interested  in  acquiring  background  knowledge 

for  a  study  of  the  relatively  modern  technology  of  ultrasonics 

might  logically  turn  first  to  the  parent  science,  acoustics. 

Such  a  reader  would  do  well  to  acquire  a  copy  of  Lord  Rayleigh's 

Theory  of  Sound. (2)  In  addition  to  Rayleigh's  classic  work, 

the  cited  reference  also  contains  an  excellent  historical 
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introduction  by  Lindsay.  In  his  introduction,  Professor 
Lindsay  describes  the  contributions  to  acoustics  of  such 
people  as  Pythagoras,  Aristotle,  Galileo,  Boyle,  Poisson, 
Helmholtz,  and  a  host  of  other  great  names  of  science  whose 
works  preceeded  those  of  Rayleigh. 

With  the  legitimacy  of  acoustics  thus  well  established, 
the  reader  can  then  turn  to  more  modern  works  for  a  specific 
introduction  to  the  high  frequency  offspring  of  classical 
acoustics  known  as  ultrasonics. 

Among  the  better  textbooks  for  this  purpose  are  those  of 
Carlin  (3),  Crawford  (4),  Mason  (5,6),  and  Hueter  and  Bolt  (7). 
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Robert  Bruce  Lindsay,  the  author  of  this  introduction  is, 
himself,  an  eminent  physicist  and  contributor  to  the  literature 
of  acoustics  and  mechanics. 
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Excellent  review  articles  have  been  written  by 
Hearmon  (8),  Huntington  (9) ,  and  McSkimin  (10). 

The  particular  problem  of  concern  in  this  study  was 
the  determination  of  longitudinal  wave  velocities  in  solids. 
Many  people  have  worked  in  this  field,  and  the  literature 
abounds  with  descriptions  of  the  various  methods  that  have 
been  used.  In  the  following  paragraphs  several  of  the  more 
important  methods  are  briefly  described,  and  references  to 
the  original  works  are  cited. 

As  might  naturally  be  expected,  some  of  the  early  work 
in  ultrasonics  was  done  at  the  lower  ultrasonic  frequencies 
and  employed  extensions  of  techniques  that  had  been  used  for 
frequencies  in  the  audible  range.  In  1925,  Quiraby  (11) 
determined  the  velocities  of  longitudinal  waves  in  bars  of 
aluminum,  copper,  and  plate  glass  by  determining  resonance 
frequencies.  He  used  a  quartz  crystal  to  piezoelectr ically 
excite  vibrations  in  the  bars  and  determined  the  resonance 
frequencies  by  employing  a  small  disk  delicately  suspended  at 
a  45°  angle  adjacent  to  the  free  end  of  the  bar.  Vibrations 
in  the  bar  caused  waves  in  the  adjoining  air  which,  in  turn, 
caused  the  disk  to  rotate  on  the  quartz  fiber  from  which  it 
was  suspended.  Quimby  measured  the  torque  needed  to  restore 
the  disk  to  its  original  position,  the  maximum  torque  being 
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needed  when  the  bar  was  vibrating  at  a  resonance  frequency. 

The  basic  disk  apparatus  had  been  described  many  years 
earlier  by  Rayleigh  (2)  for  application  at  low  sonic  fre- 
quenc ies . 

In  an  article  published  in  1932,  Debye  and  Sears  (12) 
noted  that  ultrasonic  waves  in  a  liquid  or  transparent  solid 
cause  alternate  layers  of  compression  and  rarefaction  which 
effectively  constitute  a  diffraction  grating  for  light  which 
is  passed  through  the  medium  supporting  the  acoustic  vibrations. 
Debye  and  Sears  worked  with  various  liquids,  and  they  employed 
frequencies  of  1.7  Me,  5.7  Me,  and  16.5  Me.  Their  measurements 
of  velocity  were  made  by  measuring  the  angles  at  which  Bragg 
reflections  occurred,  which  gave  the  wavelength  of  the  acoustic 
vibrations.  The  velocity  of  propagation  was  computed  as  the 
product  of  wavelength  and  frequency.  Willard  (13)  gives  a 
comprehensive  discussion  of  this  and  other  optical  methods 
which  have  been  used  for  velocity  measurements.  His  article 
includes  descriptions  of  wave  interference  methods  which  can 
be  applied  to  opaque  as  well  as  to  transparent  solids. 

The  previously  described  methods  were  among  those  which 
utilize  continuous,  or  sustained,  acoustic  waves.  At  the 
higher  ultrasonic  frequencies  it  has  been  mere  common  to  use 
pulsed  wave  techniques.  Some  of  the  more  frequently  used 
pulse  methods  are  described  below. 
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Probably  the  most  simple  and  direct  method  of  measuring 
velocity  or  speed  is  that  used  to  determine  automobile  or 
aircraft  speed  records,  i.e.,  direct  measurement  of  the  time 
required  to  cover  a  known  distance.  Many  ultrasonic  velocity 
determinations  have  been  made  by  direct  measurement  of  the 
elapsed  time  required  for  an  ultrasonic  pulse  to  traverse  a 
known  distance  through  a  sample  of  the  material  being  studied. 
Direct  time  measurements  have  been  made  in  a  variety  of  ways 
with  many  different  experimental  configurations. 

One  basic  type  of  experimental  arrangement  based  on 
direct  time  measurement  is  the  liquid  immersion  technique, 
of  which  two  variations  have  been  reported. 

In  one  of  these,  a  single  piezoelectric  transducer  is 
used  both  as  a  transmitter  and  as  a  receiver  of  ultrasonic 
pulses.  Such  an  arrangement  was  described  by  Nolle  and 
Mowry  (14)  .  Using  frequencies  in  the  range  between  10  and  30 
Me  with  pulses  of  approximately  2  4sec  duration,  these  workers 
measured  the  time  required  for  an  echo  to  return  to  the 
transducer  after  a  round  trip  of  a  known  distance  through  a 
liquid  medium  (either  water  or  ethanol) .  They  then  inserted 
between  the  transducer  and  the  reflecting  surface  a  thin 
sample  of  the  solid  material  being  studied  and  again  measured 
the  elapsed  time  from  the  sending  of  a  pulse  until  its  echo 
was  received.  The  velocity  of  the  wave  through  the  sample  was 
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computed  from  the  knowledge  of  sample  thickness  and  the 
difference  in  echo  time  with  and  without  the  sample  in  the 
path  of  transmission. 

Basically  the  same  arrangement  was  used  in  another 
variation  of  the  liquid  immersion  technique  reported  by 
Ivey,  Mrowca,  and  Guth  (15)  .  The  main  difference  was  that 
these  workers  used  two  transducers,  one  as  a  transmitter 
and  the  other  as  a  receiver.  They  measured  the  elapsed 
times  for  pulses  to  traverse  a  known  distance  through  the 
liquid  between  the  transducers.  They  made  such  measurements 
both  with  and  without  samples  in  the  path  of  the  transmission 
in  order  to  determine  the  transit  time  through  the  sample. 

This  method  has  the  advantage  that  less  acoustic  energy  is 
lost  to  reflections  than  in  the  case  where  echo  times  are 
measured  in  the  single-transducer  technique. 

Probably  the  most  frequently  used  technique  is  one  in 
which  a  single  transducer  is  attached  either  directly  to  the 
sample  or  to  a  buffer  rod  which,  in  turn,  is  attached  to 
the  sample.  Buffer  rods,  or  transmission  blocks  as  they  are 
also  called,  are  commonly  made  of  quartz,  fused  silica,  or  of 
a  metal  3uch  as  aluminum,  and  they  are  used  to  convey  acoustic 
waves  into  the  samples  being  studied.  In  this  technique, 
the  velocity  is  determined  by  measuring  the  time  between 
subsequent  echoes  of  a  transmitted  pulse  as  if  it  is  reflected 
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back  and  forth  between  parallel  faces  of  the  sample. 

Obviously,  this  method  is  best  suited  for  use  with  low- 
loss  materials  so  that  the  echoes  are  strong  enough  to  be 
easily  detected  after  suffering  energy  losses  due  to  reflections 
and  multiple  passages  through  the  material. 

An  early  example  of  this  technique  is  in  the  work  done 
by  Huntington  (16)  in  determining  the  elastic  constants  of 
crystals.  As  explained  by  Huntington  and  others  (17),  the 
elastic  constants  of  certain  crystals  can  be  calculated  from 
a  knowledge  of  longitudinal  and  transverse  wave  velocities 
through  the  crystals.  Indeed,  much  of  the  work  thit  has  been 
done  in  ultrasonics  has  been  done  for  the  purpose  of  determining 
such  physical  constants.  Other  examples  of  this  method  are 
given  by  Lazarus  (18)  and  by  Eros  and  Reitz  (19) . 

As  might  be  expected  by  analogy  to  the  liquid -immersion 
examples  previously  discussed,  another  variation  of  the  solid- 
buffer  technique  is  one  in  which  two  transducers  are  used  to 
measure  the  transit  time  for  a  one-way  trip  through  the  sample 
rather  than  measuring  echo  times  for  round  trips.  Nolle  and 
Sieck  (20)  used  this  method  to  measure  velocities  through  a 
synthetic  rubber.  Without  going  into  details  as  to  the  cements 
and  bonding  agents  used,  the  method  used  by  Nolle  and  Sieck  was 
basically  as  follows:  They  placed  their  rubber  samples  between 
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two  aluminum  transmission  blocks  and  placed  quartz  crystal 
transducers  at  the  two  extreme  ends  of  the  acoustic  assembly 
as  shown  in  Figure  1. 


—  Sample 


Crystal  _ * 

Transmission 

d _ 

Transmission 

* - Crystal 

A  ! 

Block 

Block 

B 

A 

B 

Fig.  1.  —  Acoustic  portion  of  apparatus 
used  by  Nolle  and  Sieck. 

In  making  their  determinations  of  wave  velocities, 
these  workers  measured  the  transit  time  for  a  pulse  to  pass 
through  the  complete  assembly  from  A  to  B.  They  also  mea¬ 
sured  the  time  for  an  echo  to  return  to  the  transducer  after 
reflection  from  the  sample  interface.  They  did  this  for 
each  of  the  blocks  by  transmitting,  in  turn,  from  each  of 
the  crystals.  They  then  subtracted  the  average  of  the  block 
transmission -times  from  the  total  transit  time  to  obtain  the 
time  required  for  an  ultrasonic  pulse  to  traverse  the  sample. 
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Another  direct  time  measurement  technique  is  based 
on  measuring  the  times  required  for  pulses  to  traverse  two 
paths  of  different  lengths.  This  is  a  single  transducer 
method  and  depends  on  the  use  of  an  acoustic  assembly  such 
as  that  shown  in  Figure  2.  A  shoulder  or  notch  is  machined 
into  a  bar  of  the  sample  material  so  that  two  reflecting 
surfaces  are  provided. 


Transducer 


T 


Fig.  2.  —  Typical  acoustical  apparatus 

for  differential  path  method  . 

The  velocity  is  computed  by  dividing  the  difference  in 
path  lengths  by  the  difference  between  the  echo  times  received 
from  the  two  reflecting  surfaces.  This  method  is  useful  with 
low-loss  materials  at  very  high  temperatures  since  the  notched 
end  of  the  bar  can  be  placed  in  an  oven  at  temperatures  which 
would  damage  the  transducer.  The  differential  path  method  has 
bean  used  by  Frederick  (21) ,  by  Bell  (22),  and  by  Krause  (23). 
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While  direct  time  measurements  are  simple  and  straight¬ 
forward,  they  do  not  provide  extremely  accurate  velocity 
determinations.  This  is  particularly  true  in  the  case  of 
very  small  samples  where  the  proportional  error  can  be  quite 
large.  McSkimin  (24)  has  written  an  article  discussing  the 
problems  involved  in  working  with  small  samples.  In  this 
article,  special  attention  is  given  to  the  details  of 
experimental  techniques. 

Various  methods  have  been  contrived  to  provide  greater 
accuracy  than  that  attainable  by  timing  methods.  Holbrook  (25) 
has  reported  on  the  "sing -around"  method  which  is  particularly 
useful  in  making  accurate  determinations  of  small  changes  in 
velocity  such  as  those  due  to  small  changes  in  temperature. 

In  this  method,  separate  sending  and  receiving  transducers 
are  used.  The  received  signal  is  amplified,  detected,  and 
sent  back  to  the  oscillator  to  trigger  the  next  pulse.  Changes 
in  velocity  then  show  up  as  changes  in  the  pulse  repetition 
frequency  and  are  easily  determined.  Absolute  velocities  can 
also  be  determined  after  careful  evaluation  of  all  the  electrical 
delays  in  the  measuring  circuitry. 

A  high  degree  of  accuracy  can  be  achieved  by  the  use  of 
phase  comparison  methods  such  as  those  reported  by  McSkinin  (26) . 
He  describes  precise  means  of  comparing  the  phase  relations 
between  waves  transmitted  directly  through  a  sample  and  those 
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that  have  passed  through  the  sample  twice  because  of 
reflections  at  the  surfaces  of  the  sample.  McSkimin  gives 
both  exact  and  approximate  expressions  for  the  wave  velocity 
through  the  material.  The  same  author  also  discusses  this 
phase  comparison  method  in  another  article  (27)  dealing 
primarily  with  low  temperature  studies.  With  the  proper 
equipment  and  careful  work,  errors  due  to  phase  comparison 
need  not  exceed  one  part  in  10,000  according  to  McSkimin  (26). 

Another  application  of  a  phase  comparison  method  is 
illustrated  by  Merkulov  (28)  in  describing  a  Russian -developed 
velocity -measuring  instrument  that  uses  a  ”...  phase  method 
of  making  two  radio  pulses  coincide.  One  of  the  pulses 
traverses  the  specimen  to  be  tested  (placed  between  two 
metal  bars)  and  the  other  is  passed  through  a  reference 
liquid  delay  line  with  the  precisely  known  value  of  velocity." 
The  author  states  further  that,  "...  the  relative  precision 
of  the  measurement  is  0.1-0. 3  per  cent.” 

Still  another  method  due  to  McSkimin  is  the  pulse 
superposition  technique  (29) .  This  method  provides  for  the 
indirect  determination  of  the  round  trip  delay  time  required 
for  a  pulse  to  traverse  a  sample  cemented  to  the  end  of  a 
silica  buffer  rod.  The  method  is  fairly  complicated,  and  a 
brief  description  would  not  do  it  justice.  The  reader  who  is 


14 


Interested  may  consult  the  original  literature.  McSXimin 
reports  good  accuracy  and  states  that  agreement  with  values 
obtained  by  phase  comparison  methods  was  within  one  part  in 
5,000. 

While  by  no  means  all-inclusive,  the  list  of  methods 
described  in  this  chapter  includes  the  more  important  and 
more  frequently  used  means  of  measuring  ultrasonic  velocities. 
Additional  methods  are  described  or  referred  to  in  the  general 
references  cited  at  the  beginning  of  this  chapter  (3-10) .  The 
techniques  used  in  this  study  are  described  in  the  next  chapter. 


CHAPTER  3.  EXPERIMENTAL  METHODS 


The  previous  chapter  showed  the  abundance  of  workable 
methods  of  measuring  ultrasonic  velocities  which  have  been 
presented  in  the  literature.  The  foremost  problem  for  the 
investigator  was  to  determine  which  of  the  methods  was  best 
adaptable  to  obtaining  the  desired  objectives.  There  were 
several  factors  which  affected  this  determination. 

First  of  all,  the  time  available  for  the  study  was 
limited.  This  limitation  required  that  the  study  should  be 
accomplished  using  equipment  which  was  already  available 
without  losing  time  waiting  for  new  equipment  to  be  delivered. 

Another  consideration,  and  one  of  prime  importance,  was 
with  regard  to  the  anticipated  application  of  the  data  expected 
to  accrue  from  the  study.  While  this  consideration  cannot  be 
discussed  at  length  in  an  unclassified  report,  it  may  be  said 
that  the  frequency  range  of  interest  was  in  the  low  megacycle 
region.  Furthermore,  there  was  no  need  for  extremely  accurate 
velocity  determinations.  Because  of  the  nature  of  the  other 
figures  with  which  the  velocity  data  would  be  used,  a  relative 
uncertainty  of  5%  in  the  velocity  was  permissible.  Since 
several  of  the  materials  to  be  studied  were  obviously  inhomo¬ 
geneous  and  anisotropic,  it  was  also  apparent  that  any  great 


15 


16 


precision  in  determining  the  velocity  of  waves  through  a 
particular  sample  would  be  wasted,  in  that  the  results 
could  not  be  expected  to  apply  with  the  same  precision  to 
some  other  sample  of  the  same  material. 

Finally,  it  was  very  desirable  to  have  the  selected 
method  be  simple  in  concept  and  easy  to  apply  so  that  it 
could  readily  be  used  by  laboratory  personnel  after  a 
minimum  of  instruction. 

Fortunately,  there  were  available  for  immediate  use 

certain  items  of  equipment  specifically  designed  for  use 

3  4 

in  ultrasonic  studies.  Among  these  were  an  Arenberg 

Model  PG-650C  pulsed  oscillator  (along  with  the  coils 

needed  for  operation  over  the  frequency  range  of  0.2-162  Me) 

and  some  Arenberg  precision  attenuators,  capable  of  providing 

from  1-122  db  of  attenuation  in  1  db  increments.  There  were 

no  transducers  for  producing  ultrasonic  vibrations,  but  this 

deficiency  was  soon  remedied. 

An  anonymous  benefactor  contributed  several  piezoelectric 
ceramic  transducers.  All  of  these  transducers  were  circular 
disks  designed  to  vibrate  in  the  thickness  mode,  i.e.,  so  as 

^The  availability  of  this  equipment  was,  indeed,  one 
of  the  major  considerations  in  the  selection  of  the  to^ ic 
for  this  thesis. 

4 

Arenberg  Ultrasonic  Laboratory,  Inc.,  Boston,  Massachusetts. 
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to  produce  longitudinal  vibrations.  These  transducers  were 
nominally  0.030  in.  thick  and  were  known  to  be  composed  of 
three  different  lead  zirconate/titanate  mixtures.  Some  were 
marked  to  indicate  a  composition  of  M65/35  mole  %  lead 
zlrconate/lead  titanate,"  another  group  was  marked  "56/44  . ..," 
and  the  third  group  was  described  as  "52/48  %  lead  zirconate/lead 
titanate."  No  further  information  was  available  as  to  the  past 
histories  of  the  transducers.  The  56/44  and  52/48  transducers 
were  plated  on  both  faces  with  a  metallic  coating.  Both  faces 
of  each  of  the  65/35  transducers  had  been  painted  with  a 
conductive  silver  paint. 

Other  more  general  laboratory  items,  such  as  oscilloscopes, 
time-mark  generators,  and  various  temperature  controlling 
devices  were  also  available  for  use  in  this  study.  There  was 
a  well-equipped  machine  shop  capable  of  providing  any  shop 
support  which  might  be  needed. 

An  appraisal  of  the  resources  at  hand  and  a  consideration 
of  the  other  determining  factors  discussed  above  indicated 
that  a  direct  timing  method  should  be  employed.  The  three 
essential  parts  of  a  timing  apparatus,  consisting  of  (a)  an 
electronic  system  for  generating  pulses  of  sinusoidal  oscil¬ 
lations  of  the  desired  frequencies,  (b)  transducers  to  convert 
the  electrical  pulses  into  ultrasonic  pulses  (and  vice  versa) , 
and  (c)  appropriate  display  and  timing  devices,  were  on  hand 
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and  ready  for  use.  This  method  is  both  simple  and  direct, 
and  the  precision  electronic  equipment  which  was  available 
made  it  possible  to  anticipate  overall  accuracy  well  within 
the  limits  required  in  the  application  of  the  data. 

To  eliminate  complicating  considerations  such  as  trans¬ 
ducer  and  circuitry  delay  times,  it  was  decided  to  base  the 
determination  of  velocity  on  measurement  of  the  time  required 
for  pulses  to  traverse  samples  of  different  thicknesses.  This 
is  best  explained  by  reference  to  Fig.  3. 


r —  xi 


- *  Xj  *  — 


Fig.  3.  —  Two  acoustic  assemblies,  different 
only  in  sample  thicknesses. 
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Let  the  transit  time  from  A  to  B  with  the  thick  sample 
in  place  be  t  ,  and  the  transit  time  from  A  to  B  with  the 
thin  sample  in  the  acoustic  unit  be  1 2«  Then  the  velocity 
of  the  pulse  through  the  sample  material  can  be  calculated  as 


5 

If  the  same  aluminum  block  and  the  same  transducers  are 
used  while  making  the  measurements  of  t  and  t  ,  then  the 

X  a 

transducer  delay  times  and  the  transit  time  through  the 
aluminum  neea  not  be  determined  since  these  constant  delays 
disappear  on  computing  the  difference  in  times,  t^  ‘  t2* 

This  method,  of  course,  assumes  that  the  acoustic  units  can 
be  reproducibly  assembled  and  that  the  difference  in  transit 
times  is  due  only  to  the  difference  in  sample  thicknesses. 

It  was  therefore  necessary  to  devise  some  means  of  achieving 
uniformity  and  reproducibility  in  putting  together  the 
various  parts  of  the  acoustic  units. 

In  an  effort  to  obtain  mere  accurate  and  reproducible 
ultrasonic  measurements,  Sullivan  (30),  working  at  the 
Watertown  Arsenal  Laboratories,  developed  a  bonding  clamp 
which  gave  good  results.  Sullivan's  clamp  was  designed  for 
use  with  a  single  transducer  method  rather  than  the  double 

^The  function  of  the  aluminum  block  is  to  make  the 
overall  transit  time  greater  than  the  duration  of  the  ultrasonic 
pulse  so  that  the  transmitted  and  received  signals  are  well 
separated  in  time. 
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transducer  technique  chosen  for  this  study.6  A  variation 
of  the  same  basic  type  of  clamp,  modified  to  permit  the  use 
of  two  transducers,  was  designed  and  constructed  for  use  in 
the  experimental  work  of  this  investigation.  Photographs 
of  the  resulting  device  are  shown  in  Figs.  4,  5.  Detailed 
drawings  of  the  clamp  are  included  in  Appendix  D. 

The  transmission  blocks  were  cut  from  2  in.  diameter 
round  bar  stock  of  2024  aluminum  alloy.  The  ends  of  the 
rods  were  machined  to  make  them  flat  and  parallel,  and  then 
they  we  re  polished  smooth.  The  rods  used  in  this  work  were 
of  the  following  lengths:  3/4  in.,  1  in.,  and  2  in.  Most 
of  the  measurements  were  made  using  a  single  3/4  in.  trans¬ 
mission  rod  as  shown  in  Fig.  5.  In  certain  cases  the  samples 
were  placed  between  two  transmission  rods  for  measurement.7 

The  samples  were,  for  the  most  part,  also  cut  as  right 
circular  cylinders  of  approximately  2  in.  diameter.  The 
exact  shape  of  the  sample  is  immaterial,  provided  the  dimen¬ 
sions  are  large  enough  so  that  the  approximation  of  assuming 
an  infinite  medium  is  valid.  This  assumption  is  discussed  in 

6The  double  transducer  method  was  chosen  to  permit  the 
use  of  thicker  samples  and  to  provide  greater  sensitivity, 
especially  at  elevated  temperatures  where  most  plastics  are 
highly  attenuating  ultrasonic  media. 

7This  was  the  practice  followed  in  the  case  of  plastics 
which  softened  appreciably  at  elevated  temperatures.  It  was 
also  used  in  an  alternate  velocity  measuring  scheme  to  be 
described  later. 
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-Bonding  Clamp  Fig.  5- -Bonding  clamp  with  acoustic 

unit  in  place. 
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Appendix  A.  It  is  imperative  that  the  two  active  faces 
of  the  samples  are  flat,  parallel,  and  smooth.  This  quality 
was  achieved  with  varying  degrees  of  success.  The  most  uniform 
samples  were  obtained  by  a  milling  process,  with  the  samples 
held  in  the  mill  by  means  of  a  vacuum  chuck.  More  details  on 
the  individual  samples  are  given  in  Appendix  B. 

Q 

On  assembling  the  acoustic  units  a  light  transformer  oil 

was  used  as  a  coupling  agent  between  the  various  components  to 

increase  the  amount  of  acoustic  energy  transmitted  from  one 

9 

material  into  the  next.  The  selection  of  this  particular 
bonding  material  was  based  on  a  fortunate  combination  of 
circumstances. 

First,  as  Carlin  (2)  reports,  light  transformer  oil  is 
one  of  the  better  and  more  commonly  used  couplants.  Secondly, 
it  is  a  nonconducting  liquid  suitable  for  use  in  a  constant 
temperature  bath.  Finally,  a  thermostatically  controlled  bath 
and  a  supply  of  transformer  oil  were  available  for  use  in  this 
work.  The  natural  result  of  this  combination  of  circumstances 
was  the  decision  to  achieve  temperature  control  by  means  of  an 
oil  bath  and  to  use  the  same  oil  as  the  acoustic  coupling  agent. 
By  using  the  same  oil  for  both  purposes  there  was  eliminated  any 

0 

"Special  Marcol  42-46,  "  produced  by  Humble  Oil  and 
Refining  Company. 

9Carlin  (3)  and  Sullivan  (30),  among  others,  discuss 
some  of  the  considerations  involved  in  the  coupling  of 
transducers  to  sample  materials. 
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possibility  of  problems  due  to  mixture  or  interaction  of  two 
different  agents  around  the  edges  of  the  coupled  surfaces . 

Reference  to  the  drawings and  photographs XX  of  the 
bonding  clamp  will  show  how  it  achieves  its  purpose  of 
aligning  and  holding  the  constituent  parts  of  the  acoustic 
assembly  in  a  fixed  and  reproducible  relationship  to  each 
other  during  the  velocity  me  iurement  procedure.  Because  of 
the  fact  that  the  clamp's  aluminum  electrodes  are  mounted  on 
ball  joints,  the  flat  and  parallel  faces  of  the  transducers, 
transmission  blocks,  and  samples  insure  accurate  alignment 
of  the  various  parts  of  the  acoustic  assembly.  Once  assembled, 
the  acoustic  unit  is  held  together  under  uniform  pressure  by 
the  clamp's  spring. 

The  electrical  connections  to  the  transducers  are  made 
through  the  BNC  connectors  mounted  on  the  sides  of  the  clamp. 

A  shielded  wire  connects  the  center  conductor  of  each  of  these 
connectors  to  one  of  the  cylindrical  aluminum  electrodes  on 
the  clamp.  The  ground  connections  are  made  through  the  wire 
"cat-whiskers "  attached  to  the  aluminum  sides  of  the  clamp. 

In  Fig.  5,  the  ground  connection  for  the  lower  transducer  is 
made  through  the  aluminum  transmission  block.  Since  the  plastic 
samples  are  nonconducting,  an  electrode  must  be  provided  for 

^Appendix  D. 

1XFigs .  4,  5. 
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the  side  of  the  transducer  next  to  the  sample.  A  thin 
(0.00017  in.)  piece  of  aluminum  foil  can  be  seen  between  the 
sample  and  the  upper  transducer  in  Fig.  5.  The  ground  connection 
for  that  transducer  is  the  wire  contact  seen  pressing  on  the 
small  piece  of  foil  which,  in  turn,  is  in  contact  with  the 
under  surface  of  the  transducer. 

The  following  procedural  technique  was  used  in  assembling 
an  acoustic  unit  such  as  that  shown  in  Fig.  5.  One  of  the 
transducers  was  placed  on  a  flat,  smooth,  absorbent  paper.  A 
small  glass  pipet  was  used  to  place  a  drop  of  transformer  oil 
on  the  transducer.  Then  the  aluminum  transmission  block  was 
centered  over  the  transducer  and  pressed  firmly  down  on  it  to 
seal  the  two  pieces  together  with  a  thin  liquid  film  between 
them.  The  pipet  was  again  used  to  place  4  or  5  drops  of  oil 
on  the  upper  surface  of  the  aluminum  block.  The  sample  was 
then  aligned  over  the  block  and  pressed  down  to  make  a  thin 
oil  seal  between  the  block  and  the  sample.  Next,  a  few  drops  of 
oil  were  placed  on  the  upper  surface  of  the  sample  and  the  thin 
piece  of  foil  was  floated  on  the  oil.  A  paper  straight  edge 
was  used  to  smooth  the  foil  down  on  the  sample.  Careful  work 
at  this  step  gave  a  very  tight,  smooth  connection  between  the 
sample  and  the  foil.  Then  another  drop  of  oil  was  put  on  the 
center  portion  of  the  foil  surface  and  the  transducer  was 
pressed  down  into  place.  After  a  visual  inspection  to  insure 
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accurate  alignment  of  the  aasembled,  sandwich -like  acoustic 
unit,  it  was  carefully  centered  on  the  lower  electrode  of  the 
clamp  and  held  in  place  while  the  top  electrode  was  screwed 
down  to  make  contact  with  the  upper  transducer.  Alignment 
was  again  checked  and  adjusted  if  necessary.  Finally,  the 
clamp  was  tightened  to  give  the  maximum  spring  pressure  on 
the  acoustic  unit. 

The  acoustic  unit  was  then  ready  to  be  incorporated 
into  the  measuring  circuit,  a  block  diagram  of  which  is 
shown  in  Fig.  6. 


Time -Mark 
Generator 


Trigger 


Pulsed 
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Time -Marks 


Attenuator 


555 

Oscilloscope 


Attenuator 


Fig.  6.  —  Block  diagram  of  measuring  circuit 
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The  notable  feature  of  this  apparatus  is  its  simplicity. 

A  majority  of  the  pulse  methods  reported  in  the  literature 
have  used  a  receiver  consisting  of  a  detector  and  an  amplifier. 
In  an  article  previously  cited  (19),  however,  Eros  and  Reitz 
describe  a  single-transducer  method  based  on  the  observation 
of  the  unrectified  pulses.  The  latter  method  was  used  in  the 
present  work.  The  Arenberg  pulsed  oscillator  used  here  is 
rated  for  an  output  of  up  to  600  volts,  peak-to-peak.  With 
this  strong  driving  voltage  available,  it  was  found  that, 
even  for  relatively  thick  samples,  the  received  signal  could 
easily  be  observed  on  the  oscilloscope  without  additional 
amplification.  Hence,  only  the  simple  configuration  shown 
in  Fig.  6  was  needed. 

In  making  velocity  determinations  by  a  timing  method 
it  is  necessary  to  have,  on  both  the  transmitted  and  received 
pulses,  reference  points  between  which  the  elapsed  time  can 
be  measured.  Therefore  the  unrectified  pulses  were  observed 
in  their  entirety  on  the  oscilloscope  so  that  the  time  could 
be  measured  from  one  particular  oscillation  of  the  transmitted 
pulse  to  the  corresponding  oscillation  of  the  received  pulse. 
During  the  course  of  this  investigation,  several  different 
time -measuring  techniques  were  used. 
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At  first,  measurements  were  made  by  determining  the 

time  from  the  first  positive  peak  of  the  transmitted  pulse 

12 

to  the  first  positive  peak  of  the  received  pulse.  However, 

it  was  observed  that  the  first  one  or  two  oscillations  of 

the  received  signal  were  often  distorted  and  of  a  frequency 

lower  than  that  of  oscillations  in  the  center  portion  of  the 

pulse.  Therefore,  there  was  some  doubt  as  to  the  accuracy 

of  this  method,  and  it  was  discarded. 

Velocity  measurements  were  next  made  by  using  the 

delayed  sweep  feature  of  the  Tektroni:.  Type  555  dual  beam 
13 

oscilloscope.  By  use  of  the  oscilloscope's  position  and 
delay  controls,  the  trace  of  the  received  signal  could  be 
superimposed  over  that  of  the  transmitted  pulse.  This  per¬ 
mitted  careful  comparison  of  the  transmitted  and  received 
pulses  and  provided  the  basis  for  establishing  a  relationship 
between  corresponding  peaks  of  the  two  pulses.  The  elapsed 
time  could  be  computed  from  the  graduations  on  the  delay  time 

control  potentiometer.  (The  elapsed  time  is  equal  to  the 
12 

Because  of  the  polarity  of  the  ceramic  transducers,  it 
was  necessary  to  be  careful  to  place  them  in  the  acoustic  unit 
in  such  a  way  that,  if  the  first  peak  of  the  transmitted  pulse 
was  positive -going,  the  first  peak  of  the  received  pulse  was 
also  positive -going.  If  the  first  peak  of  the  received  pulse 
was  observed  to  be  negative -going,  this  could  be  corrected  by 
turning  the  transducer  over  so  that  its  other  side  was  against 
the  sample. 

^Two  Type  GA  dual-trace  plug-in  units  were  used  so  that 
up  to  four  traces  could  be  observed  simultaneously. 
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amount  of  time  by  which  the  sweep  of  the  receiver  channel 
trace  must  be  delayed  in  order  to  cause  superposition  of 
the  received  signal  over  that  of  the  transmitted  signal.) 

There  was  some  nonlinearity  in  the  delay  time  circuitry  of 
the  oscilloscope  so  that  the  potentiometer  had  to  be  carefully 
calibrated  over  its  entire  range  to  give  accurate  time  measure¬ 
ments.  Even  then,  the  reproducibility  of  time  measurements 
was  not  as  good  as  desired.  A  refined  and  self -calibrating 
technique  was  developed  which  gave  better  results. 

In  this  improved  method,  ultrasonic  pulses  of  approximately 
3  p, sec  duration  were  used.  The  technique  described  above  was 
used  to  superimpose  the  received  and  transmitted  signals  on 
the  oscilloscope  in  order  to  identify  as  reference  points 
two  corresponding  peaks  near  the  middle  of  the  respective 
pulses.  The  transit  time  was  then  determined  by  measuring 
the  delays  needed  to  start  the  sweeps  of  expanded  oscilloscope 
presentations  at  the  selected  reference  points.  Fig.  7 


illustrates  the  method. 
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Fig.  7.  —  Schematic  representation  illustrating 

interpolation  time-measuring  technique. 

The  illustration  shows  three  hypothetical  oscilloscope 
traces  with  a  fixed  time  relationship  to  each  other.  They 
represent,  from  top  to  bottom,  the  transmitted  pulse,  the 
received  pulse,  and  a  series  of  1  iisec  time  marks.  The 
desired  time  interval,  t,  is  that  between  the  4th  positive 
peaks  of  the  transmitted  and  received  pulses.  Readings  of 
the  oscilloscope  potentiometer  corresponding  to  the  six  events 
marked  p^  through  p&  are  recorded,  and  the  elapsed  time  is 
computed  by  assuming  that  the  oscilloscope  delay  circuit  is 
sufficiently  linear  over  any  1  nsec  interval  to  permit  linear 
interpolation.  The  time  computation  in  the  hypothetical 
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example  of  Fig.  7  is  then  given  by  the  formula 


(pz  -  P2)  (Pc  -  Pil) 

t  =  — 2 - £_  +  5  +  — 2 - 

(pj  -  px)  fp6  -  p4) 


(iisec)  . 


With  this  time  measuring  technique,  successive  measurements 
using  the  same  acoustic  unit  regularly  agreed  to  within  * 
0.004  n.sec,  and  most  measurements  agreed  even  closer  than 


that . 


In  certain  cases,  the  thicker  samples  of  some  of  the 
materials  studied  either  caused  very  high  attenuation  or 
excessive  distortion  of  the  acoustic  waves.  This  was 
especially  true  at  elevated  temperatures.  Under  these 
circumstances,  velocity  measurements  using  the  technique 
outlined  above  became  more  difficult,  and  the  accuracy  came 
into  question.  When  this  happened,  the  same  basic  velocity 
measuring  technique  as  that  used  by  Nolle  and  Sieck  (20) , 
which  was  previously  described  in  Chapter  2,  was  used  to  permit 
velocity  determinations  to  be  made  using  only  one  thin  sample 
of  the  material.  This  method  was  used  only  when  necessary, 
and  only  if  it  gave  good  agreement  with  the  velocity  determined 
by  the  use  of  samples  of  different  thicknesses.  As  used  here, 
the  alternate  method  depended  on  identification  of  "corresponding" 
peaks  in  the  transmitted  pulse  and  in  the  echoes  from  the  sample 
interfaces.  Because  of  the  phase  changes  occurring  at  reflections, 
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this  identification  wr.s  not  always  easily  made.  (Selection 
of  the  wrong  peak  would  mean  an  error  of  one  period  in  the 
determination  of  the  transit  time  through  the  aluminum 
transmission  blocks.)  This  alternate  method  was  not  used 
to  determine  any  of  the  velocities  reported  in  this  thesis; 
it  was  used  with  some  of  the  other  materials  on  which  a 
separate  report  will  be  issued. 

The  heart  of  the  time  measuring  system  used  here  is 
the  time-mark  generator.  The  formula  for  the  computation 
of  elapsed  time  given  in  the  example  above  was  based  on  the 
assumption  that  the  time  marks  were  exactly  1  n sec  apart  in 
time.  This  assumption  was  justified  by  calibration  of  the 
time-mark  generator14  by  the  Kirtland  Air  Force  Base  Precision 
Measuring  Equipment  Laboratory.  The  error  in  the  time  marks 
was  found  to  be  less  than  one  part  per  million.  The  oscillo¬ 
scope  which  was  used  in  this  work  was  also  calibrated  and 
certified  by  the  same  agency. 

Since  velocities  were  to  be  determined  as  functions  of 
temperature,  it  was  necessary  to  know  something  about  the 
heating  of  the  samples  and  the  temperature  control  provided 
by  the  oil  bath.  Sample  temperatures  were  determined  by 
reading  the  bath  temperatures  to  the  nearest  degree  by  means 

of  a  conventional  mercury  thermometer.  The  accuracy  of  the 

14 

Hickok  Model  1817  time-mark  generator. 
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thermometer  was  checked  by  comparison  with  another  similar 
thermometer.  Also,  the  thermometer  readings  were  found  to 
agree  with  the  temperatures  determined  by  the  thermocouples 
used  in  the  temperature  studies  mentioned  below.  The 
thermometer  was  used  to  measure  temperatures  at  different 
locations  within  the  oil  bath.  Repeated  observations  all 
indicated  that  the  bath  was  capable  of  maintaining  uniform 
temperatures,  constant  within  1°  C. 

Specific  details  of  the  temperature  studies  are  given 
in  Appendix  C.  Briefly,  however,  iron-constantan  thermo¬ 
couples  were  inserted  at  various  locations  in  the  interiors 
of  several  different  samples  to  determine  the  changes  in 
temperature  at  those  points  after  the  samples  were  inserted 
in  the  heated  oil  bath.  The  temperatures  were  then  plotted 
against  time  to  provide  a  basis  for  knowing  how  long  it  was 
necessary  to  wait  for  internal  sample  temperatures  to  be 
uniform  and  equal  to  the  bath  temperature.  The  practical 
result  of  these  temperature  measurements  was  the  rule  of 
thumb  that  the  thickest  samples  used  (approximately  1  1/2  in. 
thick)  should  be  held  at  a  new  temperature  for  one  hour 
before  making  any  velocity  measurements.  The  thinner  samples 
were  allowed  somewhat  less  time  for  the  temperature  to 


stabilize,  but  in  no  case  was  less  than  one  half  hour  allotted 
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to  the  waiting  period. 

Ultrasonic  pulse  velocities  were  measured  over  the 
temperature  range  between  room  temperature  and  100  C.  Four 
different  frequencies  were  used  in  making  the  measurements 
included  in  this  report. 

The  0.030  in.  thick  ceramic  transducers  originally 
available  could  be  successfully  used  over  a  frequency  range 
from  below  1  Me  to  higher  than  3  Me.  (Their  resonance 
frequency  was  somewhat  less  than  3  Me.)  For  the  sake  of 
convenience,  it  was  decided  to  operate  those  transducers  at 
two  easily  measured  frequencies,  1.5  and  3.0  Me.  The 
selected  frequencies  were  set  by  using  the  time-mark  generator 
and  the  oscilloscope.  To  obtain  an  output  of  3.0  Me,  e.g., 
the  frequency  control  of  the  oscillator  was  adjusted  so  that 
there  were  exactly  three  oscillations  in  any  1  usee  interval 
of  the  transmitted  pulse.  By  lengthening  the  pulse,  this 
relation  could  be  checked  over  an  extended  interval  to  insure 
that  there  were  3  oscillations  in  1  nsec,  6  oscillations  in 
2  nsec,  ...,  30  oscillations  in  10  nsec,  etc.  This  technique 
gave  entirely  sufficient  accuracy  and  was  used  to  set  all  the 
frequencies  reported  here. 

15Thc  velocity  referred  to  here  is  the  bulk  velocity, 
which  is  the  velocity  of  propagation  of  longitudinal  waves 
through  an  unbounded  medium.  See  Appendix  A  for  more  details. 
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In  order  to  permit  velocity  measurements  at  higher 
frequencies  that  those  obtainable  with  the  original  transducers, 
some  additional  ceramic  transducers  were  purchased.  These 
were  of  lead  zirconate/lead  titanate  composition  equivalent 
to  PZT-5.  They  were  disks  of  3/4  in.  diameter  with  resonance 
frequencies  of  5  and  10  Me. 

The  5  Me  transducers  were  used  at  the  frequency  of  4.33  Me 
because  of  the  fact  that  the  oscillator  could  not  be  adjusted 
to  give  a  5  Me  output  with  those  transducers  in  the  circuit. 

One  of  the  plug-in  coils  for  the  oscillator  ga*e  a  maximum 
frequency  of  somewhat  less  than  5  Me.  Using  the  coil  designed 
for  the  next  higher  frequency  range,  the  lowest  frequency 
obtainable  was  above  5  Me.  Because  of  this  gap  in  frequency 
coverage,  4.33  Me  was  selected  as  the  best  of  the  available 
frequencies  at  which  to  drive  the  5  Me  transducers.  (This 
frequency  was  set  by  adjusting  the  output  so  that  there 
were  13  cycles  in  3  usee,  26  cycles  in  6  (isec,  etc.) 

The  measurements  made  at  the  frequency  of  10.0  Me 
were  made  by  using  the  10  Me  PZT-5  transducers  at  their 
resonance  frequency. 

Because  of  the  large  number  of  materials  studied,  there 
was  not  time  to  make  measurements  at  all  four  frequencies 
over  the  entire  temperature  range.  The  5  and  10  Me  transducers 
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were  not  received  until  late  in  the  study.  For  these 
reasons,  measurements  were  made  using  1.5  and  3.0  Me  waves 
over  the  total  temperature  range  covered.  After  this  work 
was  completed,  the  velocities  of  4.33  and  10.0  Me  pulses 
were  measured  at  room  temperature .  To  the  degree  of 
accuracy  achieved  here,  the  velocity  does  not  appear  to 
be  very  dependent  on  frequency,  and  it  seems  safe  to  assume 
that  the  velocity  data  for  the  higher  frequencies  would 
essentially  follow  the  same  curves  as  those  obtained  using 
1.5  and  3.0  Me  waves. 

The  velocity  measurements  made  using  the  principal 
method  (time  measurement  by  interpolation)  described  in 
this  chapter  have  proved  to  be  repeatable.  During  the 
final  part  of  the  study  a  technician  was  assigned  the  task 
of  learning  this  method  of  measuring  ultrasonic  velocities. 
He  made  duplicate  measurements  of  several  velocities  which 
had  previously  been  determined  by  the  author.  The  agreement 
between  the  values  obtained  by  the  two  different  observers 
was  good,  always  within  1%. 

The  temperature  dependent  velocity  data  obtained  for 
five  common  plastics  is  presented  in  the  next  chapter. 


CHAPTER  4.  EXPERIMENTAL  RESULTS 


Soir.e  preliminary  measurements  of  ultrasonic  velocities 
through  two  metals  were  made  to  provide  a  check  on  the 
accuracy  of  velocity  measurements  using  the  apparatus  and 
procedure  described  in  the  last  chapter.  The  obvious  way 
to  make  such  a  check  is  to  measure  the  velocity  through 
some  common  materials  and  compare  the  results  with 
published  values.  This  was  not  quite  so  easy  as  had 
been  anticipated,  however,  due  to  a  disparity  between  the 
materials  that  were  available  for  study  and  the  materials 
for  which  published  velocity  data  were  available.  Also, 
it  was  noted  that  handbooks  generally  do  not  include  the 
temperatures  or  frequencies  at  which  reported  velocity 
measurements  were  made.  In  spite  of  these  difficulties, 
sufficient  agreement  with  published  data  was  obtained  to 
demonstrate  that  the  method  was  capable  of  giving  results 
well  within  the  range  of  allowable  error  (5%) .  A  discussion 
of  whe  errors  inherent  in  the  method  will  be  given  after 
the  presentation  of  the  data. 
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One  of  the  materials  used  to  provide  an  accur  y 
check  was  the  2024  aluminum  alloy  which  was  used  to  make 
the  transmission  blocks.  A  series  of  ten  measurements  was 
made  using  the  superposition  timing  method  described  in 
Chapter  3.  The  values  ranged  from  a  low  of  6.34  mm/i  sec 
to  a  high  of  6.47  mm/isec.  The  arithmetic  mean  and  the 

median  of  the  ten  values  were  both  6.40  mm/i  sec .  These 

0 

measurements  were  made  at  room  temperature  (27  C)  and  at 
a  frequency  of  3.0  Me. 

The  best  comparison  values  found  (1)  were  for  "rolled 

aluminum"  (6.42  mm4isec)  and  for  "Duralumin  17  S"  (6.32  mm/n.sec)  , 

16 

neither  of  which  is  exactly  the  same  as  the  2024  alloy  used. 

The  velocity  of  longitudinal  waves  through  a  magnesium 

alloy*^  was  measured  on  three  separate  occasions.  The  values 

18 

obtained  were  5.77,  5.79,  and  5.76  mm/nsec .  The  American 
Institute  of  Physics  Handbook  (AIP  Handbook)  lists  a  value 
of  5.77  mm/p,sec  for  "drawn,  annealed  magnesium."  While  not 
conclusive,  the  agreement  obtained  with  these  two  metals  was, 
at  least,  encouraging. 

16 

Composition  of  17ST  alloy:  95%  Al,  4.0%  cu,  0.5%  Mn, 

0.5%  Mg.  Composition  of  2024  (or  24ST)  alloy:  93.4%,  4.5%  cu, 
0.6%  Mn,  1.5%  Mg. 

^Marked  "Dow  Magnesium,  QQ-M-3I\." 

18 

These  measurements  were  made  using  the  preferred 
timing  method  illustrated  by  Fig.  7. 
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The  five  common  plastics  for  which  velocity  data 
are  given  here  are  ones  which  were  on  hand  in  tne  lab¬ 
oratory  at  the  start  of  the  project.  They  include  a 
nylon,  a  low  density  polyethylene,  a  high  density  polyethylene, 
Plexiglas,  and  Teflon.  There  is  some  published  velocity 
information  available  for  certain  of  these  plastics,  and 
it  will  be  given  for  comparison  with  the  experimental  results 
obtained  here.  In  each  of  the  graphs  on  the  following  pages 
longitudinal  velocity  is  plotted  as  the  ordinate,  and  tem¬ 
perature  is  the  abscissa. 

Most  of  the  velocity  determinations  were  made  by 
measuring  the  elapsed  times  through  three  samples  of 
different  lengths,  x^  ,  X2  .  and  x^.  If  the  corresponding 
transit  times  are  indicated  by  corresponding  subscripts, 
then  three  interrelated  velocity  calculations  can  be  made 
according  to  the  formulas 
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Ideally,  of  course,  all  three  of  these  should  be  equal. 

If,  however,  an  error  is  made  in  determining  one  of  the 
transit  times,  there  will  be  poor  agreement  among  the  three 
velocity  values,  and  the  experimenter  is  alerted  to  the  fact 
that  an  error  has  been  made.  Most  of  the  points  plotted  on 
the  velocity  curves  represent  the  arithmetic  mean  of  three 
velocity  values  computed  as  above. 

The  first  material  studied  over  a  range  of  temperatures 
was  the  nylon.  The  low  temperature  used  was  25°  C,  and  the 
high  was  ll'f  C.  The  values  obtained  are  plotted  in  Fig.  8. 

The  frequency  used  for  most  of  the  measurements  was  3.0  Me. 

These  determinations  were  made  at  a  time  during  the  study  in 
which  the  superposition  method  of  timing  was  being  used. 

Later  on,  a  few  velocity  determinations  were  made  at  frequencies 
of  1.5,  4.33,  and  10.0  Me  using  the  interpolation  timing 
technique.  The  later  values  were  consistent  with  the  earlier 
ones,  and  all  of  them  are  plotted  on  the  same  graph.  The 
frequency  dependent  deviation  appears  to  be  no  greater  than 
the  deviation  due  to  experimental  error. 

The  nylon  samples  used  in  this  work  were  cut  from  a 
6  in.  diameter  rod  of  Poly-Penco  nylon  (density  1.15  g/cc) . 

The  only  nylon  velocity  value  found  in  the  literature  was 
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2.b2  mm/psec  (1)  for  type  o-6  nylon  (density  1.11  g/cc)  so 
no  valid  comparison  could  be  made  between  experimental  and 
published  values. 

The  next  material  studied  was  the  low  density  polyethylene. 
The  velocity  uata  are  plotted  in  Fig.  y.  The  temperature- 
range  used  here  was  necessarily  limited  to  avoid  melting  or 
distorting  the  samples.  As  in  the  case  of  the  nylon,  a 
majority  of  the  measurements  were  made  using  the  superposition 
method  of  timing.  Aqain,  all  values  are  plotted  on  the  same 
graph . 

The  A IP  Handbook  shows  the  longitudinal  wave  velocity 
in  a  low  density  (0.90  g/cc)  polyethylene  to  be  1.95  mm/t  sec . 

The  plastic  used  in  this  work  was  found  to  have  a  density 
of  0.91b  g/cc  ano  a  room  temperature  ultrasonic  velocity  of 
approximately  1.98  mn/u^ec. 

The  longitudinal  wave  velocity  in  Plexiglas  is  plotted 
ir  piq.  10.  All  measurements  for  this  material  were  made 
using  the  interpolation  timing  method.  There  is  close 
agreement  between  values  obtained  at  the  different  fre¬ 
quencies.  The  same  handbook  cited  previously  shows  the 
longitudinal  velocity  in  Lucite  to  be  2.08  mm/xsec.  Lucite 
and  Plexiglas  are  trade  names  for  the  same  basic  type  of 
plastic,  poly  (methy lmethacry lc te ) .  The  room  temperature 
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velocity  value  exper imenta  1  ly  obtained  at  all  i.our  fre¬ 
quencies  was  2.7  2  mm/U  sec . 

Kiy.  11  shows  the  almost  perfectly  linear  vciocitv- 
temperature  relationship  uetermineo  tor  tne  hiyh  uensity 
polyethylene.  All  measurements  were  made  usiny  the  inter¬ 
polation  timiny  met nod.  A  published  velocity  value  tor  this 
type  ot  material  was  not  founu  so  no  comparison  is  possi;  1c  . 

Tne  otlier  common  plastic  investigated  was  Tel  Ion.  ['or 
tnis  material  the  temperature  ranqe  was  extended  to  be  1  ov.- 
room  temperature  in  oruer  to  obtain  a  more  accurate  picture 
of  the  shape  or  the  velocity  curve  m  th'-'  ranne  ee tween  20 
ana  jo  C.  As  can  be  seen  m  Tin.  12,  there  is  a  fairly 
snarp  inflection  in  the  velocity  curve  in  this  recon.  The 
velocities  measurcG  m  Teflon  appear  to  be  somewhat  more 
irequency  sensitive  tnan  they  were  m  tne  other  materials. 

Neve  r  tne  less ,  the  aiiierence  was  pot  suii.icient  to  ]Uoti  ly 
separate  plots,  and  all  measurements  at  the  three  frequencies 
used  are  plotted  on  the  same  qraph.  A  comparison  velocity 
value  (witn  no  specification  of  temperature  or  frequency)  ot 
l.ij  min/usec  was  founu  in  an  article  by  Hastings,  LoPilato, 
and  Lynnworth  ( d 1 ) .  The  room  temperature  value  for  the  Te . Ion 
UjCu  in  tnis  work  was  found  to  ^e  somewnat  lower,  or  approxi¬ 


mately  1.4b  mm/usec  . 
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FIGURE  12  LONGITUDINAL  WAVE  VELOCITY  IN  TEFLON 
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The  sources  of  error  inherent  in  this  method  of 
measuring  ultrasonic  velocities  fall  into  four  categories. 

There  may  be  errors  in  (1)  sample  thickness  measurements, 

(2)  transit  time  measurements,  (3)  temperature  measurements, 
or  (4)  there  may  be  more  fundamental  errors  inherent  in  the 
method.  These  will  be  discussed  in  turn. 

Sample  thicknesses  were  measured  with  micrometers.  Two 
new  micrometers  were  available,  one  of  them  graduated  in 
the  metric  system  and  the  other  in  the  English  system  of 
measurement.  They  were  calibrated  against  each  other  and 
found  to  give  identical  values  for  the  thicknesses  of  several 
different  samples  (with  due  caution  being  taken  to  insure 
that  both  measurements  of  any  particular  sample  were  made  at 
the  same  point  on  the  sample.)  Therefore,  any  error  in  the 
micrometers  is  considered  to  be  negligible. 

Two  significant  problems  concerning  sample  thickness 
were  encountered.  The  first  problem  was  one  of  machine  shop 
technique.  The  early  samples  made  for  use  in  this  project 
were  cut  on  a  lathe.  The  procedure  was  satisfactory  for  the 
thicker  samples  and  typically  gave  samples  varying  in  thickness 
by  no  more  than  0.05%.  With  the  thinner  and  more  flexible 
samples,  though,  the  results  were  not  as  good.  To  cite  the 
worst  example,  one  of  the  original  samples  of  low  density 
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polyethylene,  with  a  mean  thickness  of  3.24  mm,  was  quite 
irregular  and  showed  a  thickness  variation  of  ±1.7%. 

The  other  problem  associated  with  sample  thickness 
is  that  some  of  the  plastics  studied  in  this  work  showed  a 
dimensional  instability.  Teflon,  in  particular,  exhibited 
this  characteristic.  The  Teflon  samples  first  received  from 
the  machine  shop  were  quite  uniform.  One  sample,  ior  example, 
had  a  mean  thickness  of  9.66  mm  with  a  difference  of  less 
than  0.01  mm  between  the  thicxest  and  thinnest  measurements 
recorded.  After  the  samples  had  been  subjected  to  repeated 
temperature  changes  in  making  velocity  determinations,  it  was 
noted  that  the  results  were  becoming  increasingly  erratic. 

The  samples  were  remeasured  and  discovered  to  be  quite  irregular. 
The  sample  mentioned  above  was  found  to  have  a  mean  thickness 
of  9.76  mm,  with  some  spots  as  thick  as  9.91  mm  ai.d  others 
as  thin  as  9.67  mm.  The  sample  had  grown  thicker  and  had 
become  uneven.  This  was  probably  at  least  partially  due  to 
the  relaxation  of  strains  imposed  during  the  machining  process. 

After  this  discovery,  new  samples  were  made  by  using  a 
milling  process  which  gave  very  uniform  samples.  One  of  the 
best  was  a  sample  of  high  density  polyethylene.  The  usual 
measurement  procedure  of  taking  thickness  readings  at  ten 
different  positions  on  the  sample  gave  eight  values  of  25.420  mm 
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and  two  of  25.421  mm.  As  a  further  precaution,  frequent 
checks  of  sample  dimensions  were  made  to  reduce  the  error 
due  to  this  cause. 

The  computed  velocities  have  been  corrected  for  thermal 

expansion  by  using  handbook  (32)  values  for  the  coefficients 

19 

of  linear  expansion.  The  median  values  were  used  in  the 
cases  where  a  range  of  values  was  given  for  the  thermal 
coefficients.  This  could  cause  some  small  amount  of  error. 

The  worst  case  would  be  that  of  velocity  determination  for 
high  density  polyethylene  at  100  C.  The  corrected  velocity 
may  have  a  relative  error  of  ±0.5%,  depending  on  the  correct 
value  for  the  coefficient  of  expansion.  For  the  other 
materials,  with  smaller  coefficients,  the  error  would  be  less. 
The  error  due  to  this  source  would  be  maximum  at  the  highest 
temperature  used  and  nonexistent  at  room  temperature. 

Errors  in  time  measurement  might  arise  from  three  sources. 
The  first  of  these,  naturally,  is  the  time-mark  generator. 

As  was  stated  previously,  the  error  in  this  instrument  was 
less  than  one  part  per  million.  Hence,  any  error  here  is 
considered  negligible. 


The  values  quotea  (32)  are 
nylon 

polyethylene  (all  densities) 

poly  (methylmethacrylate)  ( Plexiglas) 

Teflon 


8.3-10  x  10"5/degs  C 
15-30  x  10"Vdegs 
9  x  10  ^/degs  C 
5.5  x  10“5/degs  C  . 
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The  interpolation  timing  method  assumes  the  oscilloscope 
delay  sweep  to  be  sufficiently  linear  to  permit  linear  inter¬ 
polation  within  the  1  nsec  intervals  between  consecutive  time 
marks.  Since  all  velocity  determinations  depend  on  the 
difference  between  two  times,  any  error  due  to  this  source 
would  tend  to  be  reduced  by  the  subtraction  process.  This 
statement  depends  on  the  reasonable  assumption  that  all  errors 
due  to  nonlinearity  would  be  in  the  same  direction.  For  this 
reason  the  error  due  to  oscilloscope  nonlinearity  is  also 
presumed  to  be  negligible. 

The  most  important  source  of  error  in  this  method  of 
timing  is  that  of  operator  technique.  The  oscilloscope 
delay  control  potentiometer  was  read  to  three  decimal  places 
by  visual  interpolation  between  the  finest  graduations  on  the 
scale.  Admittedly,  this  calls  for  good  eyesight  and  careful 
work,  and  not  too  much  importance  should  be  attached  to  the 
least  significant  figure.  Nonetheless,  independent  readings 
of  the  same  time  periods  by  the  author  and  by  the  technician 
who  assisted  him  consistently  gave  results  which  agreed  to 
within  three  or  four  nanoseconds.  It  is  doubted  that  the  error 
in  making  any  individual  time  measurement  exceeded  0.01  nsec. 
Using  this  figure  as  the  maximum  uncertainty  in  any  one  reading, 
the  maximum  relative  uncertainty  in  the  difference  between  two 
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readings  would  be  0.02/2.4  or  less  than  1%.  The  figure  "2.4" 
is  used  because  the  smallest  observed  difference  between  two 


elapsed  times  was  approximately  2.4  usee  .  This  was  the 
difference  between  the  transit  times  through  two  of  the  nylon 
samples.  The  smallest  time  differences  encountered  with  the 
other  materials  ranged  from  4  to  b  asec.  For  these  larger 
values  the  proportional  uncertainty  would  be  correspondingly 
less.  The  superposition  timing  method  gave  less  repeatability, 
and  it  is  estimated  that  the  relative  uncertainty  of  the  time 
measurements  using  superposition  was  approximately  twice  as 
great  as  with  the  interpolation  method. 

The  third  type  of  error  enumerated  above  concerns 
temperature  measurements.  Temperatures  were  measured  with 
a  thermometer  and  were  recorded  to  the  nearest  degree.  For 
the  high  density  polyethylene  the  linear  functional  relation 
between  velocity  and  temperature  can  be  graphically  determined 
from  Fig.  11  to  be  approximately 


v_  =  2.58  -  0 .007  8  (T-20 ) 

20-100 


where  T  is  in  degrees  Celsius  and  v  is  in  mm/usec.  Thus 


an  error  of  one  half  degree  in  temperature  /ould  cause  an 


apparent  error  in  velocity  of  0.004  mm/usec.  At  the  high 


temperature  end  of  the  curve,  where  the  velocity  is  lower, 


the  relative  error  would  be  approximately  0.2%.  It  would  be 
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less  than  this  in  the  lower  portion  of  the  temperature  range. 
The  study  of  internal  sample  temperatures  described  in  Appendix 
C  was  conducted  in  an  effort  to  reduce  temperature -caused 
errors . 

The  sources  of  error  other  than  those  discussed  above 
constitute  the  fourth  category.  The  errors  in  this  group  are 
not  errors  in  measurement;  they  are  rather  errors  in  concept 
or  in  technique  to  which  numerical  values  cannot  readily  be 
assigned.  The  major  premise  of  the  experimental  method  is 
that  the  acoustic  units  can  be  assembled  accurately  enough 
so  that  two  acoustic  assemblies,  made  up  in  succession  by 
using  two  different  samples,  will  differ  ultrasonically  only 
because  of  the  difference  in  sample  thicknesses.  To  test 
the  accuracy  with  which  this  ideal  was  achieved  would  be 
difficult  and  very  time-consuming.  Because  of  the  large  amount 
of  time  between  measurements  that  would  have  been  spent  waiting 
for  temperature  equilibrium,  it  was  not  feasible  to  make  a 
statistically  significant  number  of  determinations  with  any 
one  material.  The  results  obtained  indicate  that  this  key 
assumption  was  reasonable  in  view  of  the  limited  accuracy  that 
was  needed. 

Another  possible  source  of  error  is  in  picking  the 
reference  points  on  the  transmitted  and  received  pulses 
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between  which  to  measure  the  elapsed  transit  time.  The 
received  signals  did  not  coincide  exactly  in  shape  with  the 
transmitted  signals,  and  some  small  amount  of  judgment  was 
necessary  in  picking  the  reference  points.  Usually,  however, 
the  oscillations  were  so  clear  and  well  defined  that  there 
was  no  serious  doubt  about  the  proper  choice. 

Some  small  amount  of  error  may  be  due  to  the  fact  that 
the  received  signal  was  generally  slightly  longer  in  duration 
than  was  the  transmitted  pulse.  This  was  probably  due  to 
the  fact  that  plastics  are  dispersive  media. 

In  the  determinations  made  during  this  study  there  were 
not  enough  measurements  made  of  the  same  quantity  to  permit 
a  statistical  treatment  of  the  data.  However,  some  maximum 
error  calculations  made  in  Appendix  E  indicate  that  the 
maximum  relative  uncertainty  in  velocity  is  approximately 
4%.  This  is  on  a  pessimistic  "worst  possible  case"  basis. 
Examination  of  the  data  points  for  which  multiple  velocity 
determinations  have  been  made  reveals  less  than  3%  difference 
between  the  maximum  and  minimum  values.  It  should  be  recalled 
that  these  points  include  determinations  made  by  different 
timing  methods  and  at  different  frequencies.  Also  included 
are  determinations  made  with  samples  which  were  later  discovered 


53 

to  be  quite  irregular  in  thickness.  In  no  case  in  which  the 
interpolation  timing  method  was  used  was  there  more  than  1% 
difference  between  the  values  obtained  under  the  same  conditions 


of  temperature  and  frequency. 


CHAPTER  5 .  SUMMARY 


A  simple  ~nd  practical  apparatus  has  been  set  up  in 
the  Ait  rorce  Weapons  laboratory  to  satisfy  that  laboratory's 
need  for  a  capacity  to  measure  longitudinal  ultrasonic  wave 
velocities.  The  method  used  to  determine  velocity  is  based 
on  measuring  the  times  required  for  ultrasonic  pulses  to 
travel  through  samples  of  different  lengths.  The  method  is 
capable  of  measuring  velocities  through  samples  of  a  few 
millimeters  thickness  with  no  more  than  4%  error. 

The  velocities  of  longitudinal  waves  through  several 
plastics  have  been  determined  over  a  range  of  temperatures 
that,  in  general,  extended  from  room  temperature  up  to  lOCf  C. 

Five  of  the  materials  studied  were  common  plastics  for 
which  velocity -temperature  curves  have  been  given  in  this 
thesis.  The  other  plastics  investigated  were  special-purpose 
materials  used  in  the  nose  cones  of  ballistic  re-entry  vehicles. 
Velocity  data  for  these  materials  was  required  by  another 
research  project  being  conducted  at  the  weapons  Laboratory. 

A  technician  has  been  trained  in  the  use  of  the  equipment 
and  has  made  many  velocity  determinations. 
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While  the  method  developed  for  use  In  this  Investigation 
is  not  unique,  either  in  concept  or  in  the  accuracy  achieved, 
it  has  provided  an  effective  answei  to  a  real  and  significant 
problem.  The  basic  objectives  enumerated  at  the  start  of 
the  study,  namely,  to  obtain  velocity -temperature  data  not 
previously  available  and  to  provide  the  Weapons  Laboratory 
with  a  needed  capability,  have  been  achieved. 


APPENDIX  A.  LONGITUDINAL  WAVE  VELOCITY  IN  SOLIDS 


The  equations  of  motion  in  an  isotropic  elastic  medium 


are  given  in  various  texts  (5,33)  as 
P  ^-2  *  ( *  +  M-)  jn;  + 

bt 

p  f^7  =  +  ^  3y  +  2v 


P  =  ( x  +  (i)  ||  +  n’2w 
dt  oz 


(1) 

(2) 

(3) 


where  p  is  the  density  of  the  medium;  X  and  p.  are  the  Isuse 
constants,  u,  v,  and  v  are  the  displacements  in  the  x,  y,  and 
z  directions,  respectively;  A  ,  the  dilatation,  is  given  by 


A  .  ^  • 

4  3x  3y  5?' 


and 


Kolsky  (33)  shows  that  a  simple  manipulation  of  the 
equations  above  leads  to  the  familiar  relation 


P  M-  =  U  +  2h)v2A 
dt* 


(4) 


for  the  propagation  of  a  wave  (of  dilatation,  in  this  case) 
with  the  velocity  [( X  +  2u)/o)J  .  This  is  the  velocity  of 
propagation  of  longitudinal  waves  through  an  extended  elastic 
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medium.  (The  transverse  wave  equations  which  can  also  be 
developed  from  the  same  starting  point  are  outside  the 
treatment  of  this  thesis.) 

For  a  plane  wave  propagating  in  the  x  direction, 
equation  (4)  reduces  to 


>2 

p  o  u  {  ^  ^ 


?it‘ 


2n) 


}2u 


f  5) 


It  can  easily  be  verified  that  a  solution  of  (5)  is 


given  by 


u  =  u  cos  w  (  t  -  — 1 
o  '  c; 


where 


A  + 


1/2 


r  6) 


(7) 


The  longitudinal  velocity  expressed  by  (7)  represents 
the  desired  quantity  in  this  experimental  investigation.  Tu, 
Brennan,  and  Sauer  (34)  show  that  this  is  the  velocity  with 
which  ultrasonic  pulses  are  propayated  in  a  cylindrical  rod, 
provided  that  the  rod's  radius  is  at  least  2.5  times  as  great 
as  the  wavelength  of  the  stress  disturbance.  They  also  show 
that,  for  rods  smaller  than  this  in  radius,  the  velocity  is 
a  function  both  of  frequency  and  of  the  relative  diameter  of 
the  rod . 

To  insure  that  the  measured  values  would  represent  the 
propagation  velocity  of  plane  waves  in  an  infinite  medium 


58 


the  transmission  rods  and  samples  were  made  with  radii  of 
approximately  25  mm.  This  radius  is  almost  6  times  greater 
than  the  longest  wavelength  used.  (The  wavelength  of  1.5  Me 
waves  in  aluminum  is  approximately  4.3  mm.) 


APPENDIX  B  SAMPLE  IDENTIFICATION 


All  of  the  plastic  samples  used  in  acquiring  the  data 
given  in  Chapter  4  were  cut  as  right  circular  cylinders 
approximately  2  inches  in  diameter.  As  stated  in  the  text, 
these  materials  exhibited  some  dimensional  instability. 

Sample  thicknesses  are  given  below  which  show  some  of  the 
changes  in  dimensions  which  occurred.  The  general  tendency 
was  for  the  samples  to  grow  thicker  and  less  uniform  with 
the  passing  of  time.  Nylon  and  Plexiglas  were  the  most  stable 
dimensionally;  Teflon  was  least  stable. 

The  materials  are  listed  in  the  order  in  which  the  data 
was  given  in  Chapter  4.  (The  identifying  numbers  were 
assigned  to  the  materials  for  convenience  in  reference  during 
the  investigation  and  have  no  significance  per  se.) 

Material  number  12,  Poly-Penco  nylon,  density  1.15  g/cc : 

Measurements  taken  24  March  1964: 

Sample  #12.1  25.517*  .008  mm 

#  12.2  9.703  x  .005  mm 

#  12.3  3.101  *  .018  mm 
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Measurements  taken  11  July  1964  (only  mean  thicknesses 

recorded)  : 

Sample  #12.1  25.52  mm 

#  12.2  9.71  mm 

#  12 . 3  3 .09  mm 

Measurements  taken  29  July  1964: 

Sample  #  12.1  25.515  ±  .010  mm 

#  12.2  9.715  ±  .006  nun 

Material  number  11,  polyethylene,  density  0.916  g/cc : 

Measurements  taken  24  March  1964: 

Sample  #  11.1  31.300  ±  .010  mm 

#  11.2  12.842  ±  .025  mm 

#  11.3  3.238  ±  .056  mm 

New  dimensions  after  samples  were  refaced  by  milling 

(12  July  1964)  : 

Sample  #  11. LA  31.237  ±  .008  mm 

#  11. 2A  12.698  ±  .011  mm 

#  11. 3A  3.044  ±  .005  mm 

Material  number  13,  Plexiglas,  density  1.19  g/cc: 

Measurements  taken  23  April  1964: 

Sample  #  13.1  38.07  mm  (only  mean  was  recorded) 

#  13.2  18.568  ±  .005  .u- « 

#  13.3  3.251  ±  .013  mm 
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Measurements  taken  11  July  1964: 

Sample  #  13.1  38.097  ±  .005  mm 

#  13.2  18.603  ±  .006  mm 

#  13.3  3.251  ±  .022  mm 

Material  number  15,  polyethylene,  density  0.964  g/cc : 

Measurements  taken  15  May  1964: 

Sample  #  15.1  25.424  ±  .004  mm 

#  15.2  12.702  ±  .002  mm 

#  15.3  3.178  ±  .002  ran 

Measurement  taken  15  July  1964: 

Sample  #  15.3  3.226  ±  .003  mm 

New  dimensions  after  samples  were  ref^ced  by  milling 

(15  July  1964)  : 

Sample  #  15.1  A  25.420  ±  .001  mm 

#  15.2  A  12.607  ±  .002  mm 

#  15.4  2.620  ±  .003  mm  (new  sample) 

Material  number  10,  Teflon,  density  2.19  g/cc: 

Measurements  taken  24  March  1964: 

Sample  #  10.4  19.223  ±  .010  mm 

#  10.5  9.660  *  .005  mm 

#  10.6  2.951  ±  .008  mm 

Measurements  taken  22  May  1964: 


Sample  # 

10.4 

19.40 

* 

.18 

mm 

# 

10.5 

9.76 

* 

.15 

mm 

# 

10.6 

2.99 

± 

.02 

mm 
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New  dimensions  after  samples  were  refaced  by  milling 

(26  May  1964) : 

.Sample  #  10. 4A  18.962  ±  .003  mm 

#  10. 5A  9.530  ±  .006  mm 

#  10. 6A  2.744  ±  .003  mm 

Measurements  taken  28  July  1964: 

Sample  #  10. 4A  18.991  ±  .026  mm 

fc  10. 5A  9.549  ±  .018  mm 

#  10. 6A  2.746  ±  .009  mm 


APPENDIX  C.  EXPERIMENTAL  DATA  ON  HEATING  OF  SAMPLES 


During  this  investigation,  sample  temperature  control 
was  provided  by  a  thermostatically  controlled  oil  bath.  The 
sample  temperature  was  determined  by  reading  the  temperature 
of  the  oil.  Therefore,  it  was  necessary  to  determine  the 
waiting  period  required  from  the  time  of  sample  immersion 
until  the  time  of  temperature  equilibrium.  An  experimental 
study  of  the  internal  temperatures  of  several  different 
plastics  was  conducted  to  provide  a  basis  for  that  determination. 

Special  samples  were  prepared  to  allow  for  the  insertion 
of  thermocouples  at  various  places  in  the  sample.  Fig.  C-l 
shows  the  dimensions  of  the  samples  used  in  finding  the  curves 
of  temperature  versus  time  which  are  presented  in  this  appendix. 

The  thermocouples  were  made  by  tightly  twisting  together 
the  ends  of  type  J  iron-cons tantan  thermocouple  wire.  The  six 
thermocouples  used  in  each  sample  were  cemented  in  place  with 
an  epoxy  resin. 

The  internal  temperatures  of  the  samples  were  determined 
by  measuring  the  output  of  the  thermocouples  with  a  slide-wire 
potentiometer.  A  switching  circuit  was  devised  so  that  two 
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SECTION  TVWU  A* 


S?CTIOM  Ttt«U  e-e 


Fig,  c-1.  Sketches  of  samples  used  in  study 
of  sample  heating.  Indicated  hols 
numbers  correspond  to  thermocouple 
numbers  in  Figs.  C-2,  C-3. 
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samples  could  be  studied  at  the  same  time.  A  12 -posit ion, 

2-pole  rotary  switch  was  used  to  connect  the  twelve  thermo¬ 
couples  (six  in  each  sample)  to  the  potentiometer.  This 
allowed  the  various  thermocouples  to  be  read  in  sequence 
at  one  minute  intevals.  Using  this  scheme,  each  thermo¬ 
couple  was  read  once  every  twelve  minutes.  The  thermocouple 
readings,  in  millivolts,  were  converted  to  degrees  Celsius 
by  means  of  a  conversion  table  so  that  the  internal  temperatures 
could  be  plotted  as  functions  of  heating  time. 

The  measurements  were  made  by  first  heating  the  oil  bath 
to  a  selected  temperature.  Two  samples  were  then  immersed  in 
the  bath,  and  thermocouple  readings  were  taken  at  one  minute 
intervals  until  it  became  apparent  that  no  further  significant 
changes  would  occur. 

Two  different  temperatures,  70  C  and  130J C,  were  used  with 
most  of  the  materials  studied.  There  was  no  appreciable  differ¬ 
ence  in  the  times  required  for  equilibrium  at  the  two  different 
temperatures.  When  the  higher  bath  temperature  was  used,  the 
sample  temperatures  simply  rose  faster  and  reached  equilibrium 
in  about  the  same  length  of  time  as  when  the  lower  temperature 
was  used.  This  is  the  result  to  be  expected  for  a  linear  heat 
flow  problem. 

Figs.  C-2  and  C-3  show  the  temperature  curves  obtained 
by  heating  samples  of  Plexiglas  and  low  density  polyethy lene 


TIME,  MIN 
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FIGURE  C-3  INTERNAL  TEMPERATURES  OF  POLYETHYLENE  SAMPLES 
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in  a  70° C  bath.  (The  130° C  bath  was  too  hot  for  use  with 
these  particular  materials.)  Temperature  equilibrium  was 
reached  in  approximately  one  hour  in  both  materials. 


APPENDIX  D.  DRAWINGS  OF  BONDING  CLAMP 
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PART 5  LIST  FOR  DWG.  C-54 
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APPENDIX  E.  MAXIMUM  ERROR  CALCULATIONS 


The  formulas  given  in  Chapter  4  for  the  computation 
of  velocity  based  on  measuring  elapsed  times  through  three 
samples  are  repeated  here  for  convenient  reference 


In  the  method  used  in  this  work  the  reported  value  was  the 
mean  of  the  three  values  thus  obtained,  i.e.. 


Returning  to  the  individual  vel  .y  values  given  by 
(1),  it  can  be  seen  that  each  is  obtained  as  a  quotient.  In 
general,  that  is 

v  -  —  ( $) 

y 

or 

v  =  f(z,  y)  .  (4) 

By  the  chain  rule, 

dv  -  (§£)  dz  +  (^)  dy  .  (5) 
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In  this  case, 

1  3v  z 

Jz  ~  y  '  37  "  "  ^7 

Applying  the  above  to  discrete  errors, iv  ,  ,  and  Ay, 

one  obtains 

c  fc  z  z  ‘  y 

tv  =  —  +  - -r- 

y  z 

*  y 

where  the  plus  sign  has  been  used  to  obtain  the  maximum 


error,  -v. 


Since  z  x  -  x 
i  J 


6  z  i  x  .  *  ‘  x  . 

i  J 

(Again,  the  plus  sign  is  used  to  express  maximum  error.) 

Also,  since 

y  t .  -  t  . 

i  J 


t.-t 

t  . 

1 

J 

tut ing 

in  (7) 

i  X  .  - 

k  X  . 

X  -  X 

i 

_ i  . 

1  J 

t  .  - 

t  . 

'  t .  -  t .  *■ 

it .  <  A  t  . 

i  J 


'  1j) 


The  relative  error  is  computed  by  dividing  by  the 
velocity,  as  expressed  in  (1) 


V..  X  -  x  .  t.-t. 

1J  1  J  1  J 
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This  expression  applies  in  general  to  any  value  obtained 
as  the  quotient  of  two  differences. 

The  uncertainty  in  time  measurement  can  be  computed 
from  the  formula  given  in  Chapter  3  for  the  interpolation 
method  of  timing,  viz.. 


( p  . 

-  p J 

l  pr 

J 

-  Pi/' 

t  1 

1J 

-  pl} 

p0 

-  P4' 

O 

where  t  is  an  exact  time  interval  obtained  by  counting 
time  marks  and  the  p^'s  are  potentiometer  readings. 

The  uncertainty  in  a  sum  is  the  sum  of  the  uncertainties 
of  the  terms  in  the  sum.  Thus,  if 

t  z  *  y 

then 

fit  -  6z  ♦  ty 

Using  this,  the  maximum  uncertainty  in  .12)  is 


Applying  equation  (10)  to  each  of  the  terms  on  the  right 


hand  side  gives  the  expression  for  the  uncertainty  in  time 


measurement : 

6P,  1  6P,  'P,  "  P^  6P,  ’  5Pl)  ‘Pr  *  -Ph 

fit  _ * - -  t  — ^ ^ - —  *  — 2 - - 

-  Pl  fP.5  -  Pl>‘  PC  -  pi4 

( P 5  "  Pz|H6P fj  4  "P4 ' 

~b  -  p4^ 


dU) 
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For  the  sake  of  obtaining  a  numerical  value  for  ft , 
it  is  now  assumed  that  (p-;  -  p^)  =  (p^  -  p4)  =  0.99,  a  typical 
value  for  a  1  usec/cm  oscilloscope  time  base.  Further,  it  is 
assumed  that  the  uncertainty  in  the  potentiometer  readings  is 
one  half  of  the  finest  scale  graduation,  i.e., 
f  P,  fp  -  f  p  ...  U  . 

1  i-  J 

Reference  to  Fig.  7  in  Chapter  3  shows  that  <  P2  <  p^ 
and  P4  <  P5  <  p^ •  Hence,  there  exist  the  inequalities 

j  <  p}  -  p4'  <  p.  -  Pi 

and 


J  <  P:  -  P^]  <  P(j  '  P4'  •  (  1' 

Substitution  of  these  inequalities  and  the  assumed  values 
into  (14)  gives  the  range  of  the  uncertainty  in  the  time 
measurement 


0  . 0 


< 


V  t  < 


u . 

Z~T) 


u.u*.  _<  ft  <_  j  u.sec'i  .  (  16 

Similar  calculations  for  an  oscilloscope  time  base  of 

2  ji sec/cm,  where  (p  -  p  )  (p  -  p  )  -  0.5  gives  the  range 

3  1  6  4 

O.jU  <  6t  <  o.j8  'usee)  .  ( 17) 


For  a  time  base  of  5  usec/cm,  (p^  -  p^)  (p&  -  p^)  0.2, 

and  the  range  of  maximum  error  becomes 


f  18) 


0.10  <  fit  <  0.20 


( |isec) 
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These  are  maximum  errors  and  could  be  achieved  only 
by  a  combination  of  very  careless  work  and  bad  luck.  Never¬ 
theless,  the  maximum  value  in  each  range  will  be  used  in  the 
ensuing  calculation  to  give  the  worst  possible  case.  The 
sampxe  dimensions  used  below  are  the  actual  dimensions  of 
the  first  low  density  polyethylene  samples  used.  The  error 
in  these  samples  was  greater  than  in  any  other  set.  For 
ease  of  calculation,  the  correct  velocity  of  longitudinal 
waves  in  polyethylene  is  assumed  to  be  2.00  mm/p.sec .  It  is 
also  assumed  that  the  sum  of  all  delays  plus  the  transit 
time  through  the  transmission  block  is  3  nsec. 

The  sample  thicknesses  are  x^^  =  31.30  ±  .01  mm., 

X2  =  12.84  ±  .03  mm.,  and  x^  =  3.24  ±  .06  mm.  The  "correct" 
transit  times  (including  the  constant  3  u^ec  delay)  are  given 
by  the  expressions 

t  =  —  MB  +  3  p,sec  =  18.65  nsec 

1  2.00  mm/p. sec 

t_  =  ±2^84  +  3  =  9.42  ^ec  (19) 

2  2.00 

t„  =  li 2j4  +  3  =  4.62  p.sec 

3  2.00  * 

The  interval  t,  would  have  to  be  measured  using  a  time 

1 

base  of  5  usec/cm.  The  maximum  error  is  given  by  (18) . 
Therefore , 


0.2  usee 


The  time  t2  could  be  measured  using  a  time  base  of 
2  (isec/cm.  Therefore,  (17)  applies  and 

fit  =  0.0B  tisec 

The  short  time  interval,  t  ,  could  be  measured  using  a 

3 

1  u-sec/cm  time  base  so  the  maximum  uncertainty  is 

fit  -  Q.o4  nsec 

3 

Substituting  the  values  shown  above  for  the  uncertainties 
in  time  and  distance  measurements  into  equation  (11)  gives  the 
maximum  relative  uncertainties  of  the  three  velocities. 


5v12 

c 

c 

h- 

1  0.03 

4  0.2 

1- 

u  .08 

v12 

31.30 

-  12. ba 

lb  .63 

— 

“7T.T2 

6V1^ 

0.U1 

f  u.u6 

0.2  ) 

J 

.04 

^3 

3To" 

-  3.24 

ib  .65 

— 

4  .62 

CM 

> 

•o 

J  .  0_> 

-*  u .  06 

0.08  -* 

J 

.04 

’'A 

CM 

> 

T77BT 

-  5.24 

3.42  - 

TT 

762 

Thus 

the  maximum  relative  uncertainties 

0 .032 


.010 


0.034 


velocities  could  be  between  2  and  3%.  (It  is  conceivable 
that  a  myopic  machinist  with  dull  tools  could  make  poorer 
samples  than  those  used  in  this  calculation.  The  time  errors, 
however,  are  as  great  as  could  be  achieved.) 

The  reported  velocity  was  computed  as  the  arithmetic 
mean  of  the  three  individual  velocities  determined  above. 
Since  v12,  v ^ 3 ,  and  v23  are  not  independent,  it  is  impossible 


for  all  of  them  to  simultaneously  represent  the  worst  possible 
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case.  Therefore,  the  uncertainty  of  the  mean  is  not  one 
third  of  the  sum  of  the  individual  uncertainties.  By  a 
series  of  computations  using  the  extreme  (i.e.,  the  thickest 
and  the  thinnest)  values  for  the  thicknesses  of  the  three 
samples  it  can  be  seen  that,  if  there  is  no  error  in  time 
measurements,  the  minimum  mean  velocity  is  computed  by  using 
the  following  values  for  the  sample  thicknesses: 


X1 

-  6X1  ' 

31  .iq 

mm 

x- 

L 

-  6x^  = 

12.81 

mm 

M) 

x5 

+  6x  . 

2 

7.^ 

mm 

• 

Under  the  same  assumption  of  no  time  error,  the  maximum 
mean  velocity  is  computed  by  using,  as  sample  thicknesses, 
the  values 

x^  •  6x^  ;1.;1  mm 

*2  +  1 4 .87  mm  (It) 

x  -  6x .  =  y  . 18  mm 

j  2 

Another  series  of  computations  using  the  extreme  time 
values  possible  gives  the  set  of  time  values  which  combine 
with  the  thicknesses  listed  in  (21)  to  give  the  minimum  mean 
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(x^  -  &x2)  -  (x3  »  *x^) 

(to  +  it,)  -  (t*  -  fit  ) 


9.51  n 
-  7^  -  1.933 


The  mean  velocity  is 


Vl2  f  v13  +  v25 


1.957  1.96  mm/p,sec 


(24) 


The  maximum  mean  velocity  is  computed  using  the 
thicknesses  shown  in  (22)  and  the  times  shown  in  the 


following  calculations: 

(x1  +  flx1)  - 

^  =  (tl  .  4tl)  . 

(x  +  Ox  )  - 

V  =r  £ 

13  (ti  •  8ti>  - 

(x2  +  6x2)  - 

Wy  "  (t,  .  at,)  - 


-  (x2  +  6x2) 

-  (t9  -  fit,) 


(x3  ~  Oxy 
(t^  +  fit^) 
(x^  -  fix^) 
(t3  f  &t3} 


18.44  -  2  024 

xn-  "  2,024 


28.13 

T J7R 


=  2.040  (25) 


=  2.071 


The  maximum  mean  velocity  is 

V1  2  +  VH  +  V2A 

vmax  =  - * - —  =  2.045  -  2.05  mm/p.sec  .  (26) 


From  (24)  and  (26)  it  is  seen  that  the  maximum  uncertainty 


in  the  reported  velocity  is 


.04 

77X7 


=  0.02 


(27) 
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By  use  of  the  interlocked  velocity  calculations 
based  on  three  samples,  the  maximum  uncertainty  in  the 
reported  velocity  is  2%,  whereas  the  maximum  uncertainty 
in  any  one  velocity  computed  from  only  two  samples  may  be 
as  high  as  3.4%.  (See  equation  (20).) 

The  effect  of  a  temperature  error  of  one  half  the 
finest  graduation  on  the  thermometer  (*  T  =  0.S3  C)  was 
discussed  in  Chapter  4.  The  maximum  relative  uncertainty 
due  to  this  cause  was  found  to  be  about  0.2%. 

The  other  sources  of  error  mentioned  in  Chapter  4  do 
not  involve  measurements  and  cannot  be  assigned  numerical 
values.  Therefore,  it  is  assumed  that  the  relative  error 
due  to  these  sources  is  equal  to  the  maximum  relative  error 
caused  by  poor  measurements.  Based  on  this  assumption,  the 
total  maximum  relative  error  would  be  4.4%.  This  is  less 
than  the  allowable  error  of  5%. 


APPENDIX  F.  VELOCITY  DATA  FOR  NOSE  CONE  MATERIALS 

As  was  stated  in  the  introduction,  permission  to 
include  this  information  was  given  after  the  final  writing 
of  the  body  of  the  thesis  was  completed.  In  certain  of 
these  materials,  the  measurement  of  ultrasonic  velocities 
is  very  difficult,  and  the  results  obtained  should  be 
viewed  with  suspicion.  This  is  particularly  true  in  the 
case  of  the  laminated  materials.  In  the  iraphs  which  follow, 
it  will  be  noted  that  fairly  complete  and  self-consistent 
sets  of  measurements  have  been  obtained  for  some  of  the 
materials.  In  other  cases,  the  results  have  been  poor,  and 
further  study  is  needed. 

The  velocity  values  given  in  this  appendix  have  not 
been  corrected  for  thermal  expansion  since  the  coefficients 
of  expansion  are  not  known.  It  is  estimated  that  this  error 
causes  the  reported  velocities  to  be  from  1  to  2%  low  at  the 
higher  temperatures.  (A  discussion  of  the  thermal  expansion 
of  the  five  common  plastics  used  in  this  work  is  included 
in  Chapter  4.) 
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d2 

The  two  mater  a  Is  represented  in  Fig.  F-l  are  chopped 
nylon  phenolic  (CNP)  ,  with  a  density  of  1.68  g/cc,  and 
Castable  124  (C124) ,  with  a  density  of  1.22  r.Vcc.  In  the 
CNP,  the  axis  of  propagation  was  approximately  perpendicular 
to  the  reinforcing  material. 

Fig.  F-2  shows  the  velocity  through  two  different 
orientations  of  tape  wound  nylon  phenoix  (TWNP) .  In  the 
case  of  the  "oblique"  samples,  the  axis  of  propagation  made 
an  angle  of  approximately  54°  with  the  layers  of  the  cloth 
laminate.  The  samples  used  to  obtain  the  "perpendicu  la’* " 
data  were  cut  so  that  the  layers  of  cloth  were  parallel  to 
the  end  faces,  making  the  axis  of  propagation  perpendicular 
to  the  layers.  (The  density  of  the  TWNP  used  here  was 
1.21  g/cc.) 

The  next  graph,  Fig.  F-3,  shows  the  velocities  measured 
in  two  similar  materials,  Avcoat  I  (yellow,  density  1.10  g/cc) 
and  Avcoat  19  (green,  density  1.07  g/cc).  The  temperature  range 
reported  here  was  reduced  to  extend  between  room  temperature 
and  75'  C.  Measurements  were  attempted  at  higher  temperatures, 
but  the  results  were  certainly  in  error  because  the  materials 
became  very  soft  and  visibly  distorted  under  even  moderate 
pressure  from  the  spring  of  the  bonding  clamp. 


TEMPERATURE,  *C 


FIGURE  F-l  LONGITUDINAL  WAVE  VELOCITIES  IN 

CNP  AND  CI24 


FIGURE  F-2-  VELOCITY  IN  TWNP 
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TEMPERATURE,  *C 

FIGURE  F-3  LONGITUDINAL  WAVE  VELOCITIES  IN  AVCOAT  I  AND 

AVCOAT  19 
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Attenuation  through  these  samples  increased  greatly 
at  elevated  temperatures,  and  the  measurements  could  only 
be  made  using  thinner  samples  and/or  lower  frequencies. 

As  indicated  in  Fig.  F-3,  velocity  measurements  in  Avcoat 
19  were  made  by  two  different  techniques.  Measurements 
were  first  made  at  room  temperature  by  measuring  transit 
times  through  two  different  thicknesses  of  material.  This 
method  did  not  work  well  at  5CT  C  because  of  excessive 
attenuation  through  the  thicker  sample  (19  mm).  Therefore, 
the  echo  technique  described  in  Chapter  3  was  used  by  placing 
the  thinner  sample  (3.5  mm)  between  two  aluminum  transmission 
rods.  This  method  gave  good  agreement  with  the  values 
previously  determined  at  room  temperature  and  was,  therefore, 
used  for  the  measurements  at  50  C  and  75  C.  A  linear 
relationship  between  temperature  and  velocity  was  obtained 
over  the  temperature  range  covered. 

An  attempt  was  made  to  use  the  same  echo  technique  with 
a  thin  sample  of  Avcoat  I.  This  method  gave  results  which 
were  between  4  and  5%  lower  than  those  obtained  by  measuring 
transit  times  through  two  or  more  different  samples.  The 
reason  tor  this  difference  is  not  known.  It  is  noted, 
however,  that  the  slopes  of  the  curves  obtained  by  the  two 
different  methods  are  approximately  the  same.  This  makes 
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it  fairly  safe  to  assume  that  the  proper  slope  for  the 
velocity -temperature  curve  has  been  determined.  Greater 
credence  is  given  to  the  several  consistent  values  obtained 
by  using  more  than  one  sample.  For  this  reason,  the  upper 
curve  in  Fig.  F-3  was  drawn  through  the  points  obtained  by 
this  method. 

Two  different  configurations  of  Avco  phenolic  fiber 
,  20 

glass  (Avco  FG)  samples  were  used.  When  the  axis  of 
propagation  of  the  ultrasonic  waves  was  perpendicular  to 
the  reinforcing  layers  of  glass  it  was  found  that,  for 
frequencies  higher  than  about  1  Me,  the  material  apparently 
acted  as  a  low-pass  filter.  When  frequencies  higher  than 
this  were  transmitted  into  a  sample,  the  received  signal 
was  observed  to  have  a  lower  frequency  than  that  of  the 
transmitted  signal.  At  a  frequency  of  1  Me  or  below, 
however,  the  transmitted  and  received  signals  were  identical 
in  frequency.  (Filtration  of  acoustic  signals  by  layered 
media  is  discussed  by  Lindsay  (35),  among  others.)  In 
addition,  the  attenuation  of  ultrasonic  waves  passing  through 
this  material  perpendicular  to  the  layers  increased  greatly 
with  increasing  temperature.  For  these  reasons,  the  only 
measurements  maae  of  the  "perpendicular"  velocity  were  at 

20 


density  of  1.70  g/cc . 
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room  temperature  and  at  a  frequency  of  1  Me .  The  longitudinal 

velocity  under  these  conditions  was  found  to  be  2.3  mm/usec. 

The  results  obtained  by  passing  longitudinal  waves 

through  the  material  in  a  direction  parallel  to  the  layers 

are  shown  in  Fig.  F-4.  The  figure  shows  that  the  velocity 

of  waves  parallel  to  the  layers  is  much  higher  than  that  of 

waves  traveling  perpendicular  to  the  layers.  The  dependence 

of  ultrasonic  velocity  on  the  direction  of  transmission  through 

materials  of  this  type  has  been  reported  by  Hand  (36) . 

A  similar  dependence  of  velocity  on  the  direction  of 

propagation  was  noted  in  the  case  of  General  Electric 

21 

phenolic  fiber  glass  (GEFG) .  Fig.  F-5  shows  the  velocity 
measurements  made  at  temperatures  between  25  C  and  7ff  C  for 
waves  traveling  perpendicular  to  the  laminations. 

The  velocity  of  waves  moving  parallel  with  the  laminations 
of  GEFG  was  measured  at  26  C  using  frequencies  of  1.5  and  3.0 
Me.  The  values  obtained  were  4.3  mm/usec  for  1 . 5  Me  waves  and 
4.2  mm/usec  for  3.0  Me  waves.  These  values  agree  very  closely 
with  similar  measurements  in  Avco  FG .  Further  velocity 
determinations  in  GEFG  were  not  made  because  of  time  limitations. 
It  is,  however,  expected  that  the  velocity  of  waves  traveling 

parallel  with  the  layers  would  be  similar  to  those  observed 
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FIGURE  F-4  -  LONGITUDINAL  WAVE  VELOCITY  IN  AVCO  FG 

(PARALLEL  WITH  LAYERS) 
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FIGURE  F-5-  LONGITUDINAL  WAVE  VELOCITY  IN  GEFG 
(PERPENDICULAR  TO  LAYERS) 
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in  Avco  FG  since  the  velocity  of  propagation  in  this  direction 
appears  to  be  primarily  determined  by  the  velocity  of  acoustic 
waves  in  the  laminating  material  itself. 

Numerous  efforts  to  take  meaningful  velocity  measurements 

2  2 

in  oblique  tape  wound  refrasil  (OTWR)  were  unsuccessful  in 
that  very  erratic  results  were  obtained.  As  in  the  case  of 
the  other  anisotropic  and  inhomogeneous  materials,  different 
samples  were  cut  so  as  to  study  the  effect  of  the  direction 
of  propagation  (with  respect  to  the  laminations)  on  the 
velocity  of  propagation. 

The  best  that  can  be  said  is  that,  between  25 °C  and 
75°C,  the  velocity  of  waves  traveling  perpendicular  to 
the  layers  was  found  to  lie  in  the  range  between  approximately 
2.5  and  2.9  mm/p,sec.  Waves  traveling  parallel  with  the  layers 
appear  to  have  a  velocity  of  approximately  2.3  mm/usec . 

OTWR  also  appeared  to  act  as  an  acoustic  low-pass  filter, 
and  only  frequencies  of  1.0  or  1.5  Me  were  used  for  most  of 
the  measurements  made  with  this  material. 

One  thin  piece  of  RAD-60  was  available  for  use  as  a 
sample.  A  measurement  of  velocity  through  this  sample  was 

22 

density  of  1.54  g/cc. 

23 

Since  the  layers  in  OTWR  are  irregular  and  not  planar, 
no  single  direction  can  properly  be  described  as  either 
perpendicular  to,  or  parallel  with,  the  layers. 
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made  at  room  temperature  using  the  echo  technique  and  a 
frequency  of  3.0  Me.  The  value  of  2.9  mm/jisec  was  obtained. 


This  was  not  checked,  and  is  subject  to  question. 
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